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Abstract The aim of this study was
to assess the frequency and severity
of respiration-induced curvilinear
respiration artifacts (RICA) on co-
registered positron emission tomo-
graphy/computed tomography
(PET/CT) images acquired on a
combined PET/CT scanner before
and after modifying the respiration
protocol for CT scanning, with retro-
spective analysis of two groups of
100 patients each, before and after
implementing a respiration protocol
with breath-hold (BH) in the normal
expiration position for the acquisi-
tion of the CT images. The CT data
were used as attenuation map and for
image co-registration. A ranking of
co-registered PET/CT and PET im-
ages (including maximum intensity
projection) was done by two observ-
ers in consensus using a scale from 0
to 3. Zero indicated that no RICA
was visible and 1, 2, and 3 described
artifact with increasing severity. A
significant difference in RICA oc-
currence was found between the two
groups (p<0.0001). There was a 45%
decrease of artifact frequency when
using the normal expiration protocol
and a 68% decrease of grade-2 and
grade-3 artifacts (p=0.004). The re-
sults of this study suggest that BH
during the normal expiration posi-
tion for CT scanning can be recom-
mended to reduce the occurrence and
the severity of RICA on PET/CT.
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Introduction
Combined positron emission tomography/computed to-
mography (PET/CT) cameras have been recently intro-
duced into clinical routine imaging. These devices allow
for the fast and correct co-registration of anatomical and
functional information in the same imaging session. Mo-
tion presents a challenge in the thoracic cage, and sever-
al studies have evaluated the influence of respiration on
the quality of image co-registration [1, 2, 3, 4, 5]. It has
been described that the acquisition of CT data during
shallow tidal breathing (STB) can induce artifacts with a
typical curvilinear shape cranial to both diaphragms on
coronal PET and PET/CT images [6, 7]; therefore, we
started to acquire CT data during breath-hold (BH) in the
normal expiration position. This led to a better co-regis-
tration accuracy of thoracic lesions than CT scanning
during STB [8]. Furthermore, there was an improvement
in the quality of the attenuation correction map for the
PET data.
The aim of this study was to evaluate the influence of
BH during CT acquisition on the prevalence and intensi-
ty of respiration induced curvilinear artifacts (RICA) in a
routine clinical setting.
Patients and methods
In order to assess image quality regarding the occurrence of 
RICA, we retrospectively reviewed the first 100 consecutive pa-
tients and the 100 most recent cases. The analysis of patient data
was performed in accordance with the ethical guidelines of the in-
stitutional review board. The first 100 patients performed STB
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during CT acquisition (54 men and 46 women; mean age
56.0±16.5 years, age range 17–87 years). The 100 most recent
cases were matched to the first group by age and gender (55 men
and 45 women; mean age 54.5±15.6 years, age range 14–80 years)
and were instructed to hold the breath in the normal expiration po-
sition during CT scanning. Breath hold was introduced approxi-
mately 3 months after the installation of the combined PET/CT
scanner. The BH position was defined as the level reached when
the patient exhaled without forcing expiration and then held the
breath in this position. All patients were scanned for an oncologic
disease and only PET examinations from adult patients were con-
sidered for this evaluation. Examinations of patients scanned in
prone position, which is performed only for radiotherapy planning
or in breast cancer patients, were not included for this study.
Imaging
All patient examinations were done on an integrated PET/CT de-
vice (Discovery LS, General Electric, Milwaukee, Wis.), which
combines a full-ring PET camera with a multislice helical CT. The
PET camera of this combined scanner has a 14.6-cm axial field of
view (FOV) and a transaxial resolution of 4.8 mm full width at
half-maximum at the center of the FOV. Patients fasted for at least
4 h prior to scanning which started approximately 45 min after the
injection of 300–400 MBq of 18F-fluorodeoxyglucose (FDG).
They were placed in the scanner in supine position and usually
had their arms up when pathologies of the thorax or abdomen
were scanned and their arms down if the pathology was at the
head and neck level. The PET scans were acquired in 2D mode us-
ing an acquisition time of 4 min for the emission scan per cradle
position with a one-slice overlap at the borders of the FOV to
avoid artifacts. In all patients the CT scan was acquired with the
built-in multislice detector CT scanner using the following param-
eters: 140 kV; 40 mAs; and a pitch of approximately 6 with a
512×512 matrix size. The CT acquisition from the head to the pel-
vic floor was done in 22.5 s and was acquired before the PET
scan. The CT data were used for attenuation correction of the PET
data as previously described and for image co-registration with the
attenuation corrected final PET image [9].
The BH protocol is shown in Fig. 1. The CT acquisition started
at the head level, and at the same time, the instruction by the staff
to stop breathing in the normal expiration position was given to
the patient. This means that the patients inhaled normally when
the CT scan started and then exhaled normally and held their
breath in this expiration position. During the normal inhalation
and exhalation the CT scan reached the upper thoracic inlet. Then,
while the patient was on BH in the expiration position, the CT
scan covered the lung to the upper abdomen. As soon as the abdo-
men was reached, the radiographer instructed the patient to contin-
ue normal shallow breathing. With this respiration protocol a pa-
tient had to hold the breath in the normal expiration position for
approximately 10–15 s. This respiration task was explained but
not trained before a patient was placed on the scanner.
Analysis
The presence of RICA was visually assessed on the PET image,
the co-registered PET/CT, and the maximum intensity projection
(MIP) image. This MIP image allows for 3D display of a PET
study and is routinely displayed using the implemented scanner
software. On the black-and-white PET and MIP images dark areas
corresponded to regions with an increased tracer uptake and bright
areas to regions with low FDG uptake (white background). The
assessment of the presence of a RICA and artifact intensity was
performed by two experienced nuclear medicine physicians and
disagreement was solved by consensus. Because the date of the
examination was written on the images, the readers were not
blinded to the respiration protocol used for CT acquisition. The
scoring was done by looking first at the MIP image in an anteri-
or–posterior view and then inspecting the PET images and the co-
registered PET/CT images in coronal, sagittal, and transversal
planes as displayed on the same screen. A numerical scale from 0
to 3 was used to rank the intensity of RICA. Zero indicated that no
artifact was visible neither in the attenuation-corrected PET scan
nor in the co-registered PET/CT image (Fig. 2a). An intensity of
1–3 described the presence of artifacts with increasing severity.
The presence of a curvilinear white stripe over one or two dia-
phragmatic domes, which mimicked a decreased tracer uptake in
Fig. 1a–d The breath hold pro-
tocol for CT imaging. a The
CT scan is done before the pos-
itron emission tomography
(PET) scan and starts at the
head level. At the same time
the radiographer gives an in-
struction to hold the breath in
the normal expiration position.
b During the approximately 5 s
until the patient reaches the
breath hold position, the CT
scan has reached the upper tho-
racic inlet and will continue to
scan the thorax for a further
10 s. c As soon as the upper ab-
domen is reached the patient is
instructed to continue shallow
tidal breathing. d During the
next 8 s the CT scan will cover
the abdomen to reach the pelvic
floor. The whole CT scan takes
approximately 22 s
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Fig. 2a–d Ranking of respiration-induced curvilinear respiration
artifacts (RICA). a A 67-year-old man with non-Hodgkin’s lym-
phoma and a mesenteric bulk (asterisk). The maximum intensity
projection (MIP) image (left) and a coronal slice in PET (middle)
and co-registered PET/CT images (right) at the heart level. In this
example no RICA is visible, and this case was graded 0 indicating
a perfect match between CT and PET. b A 57-year-old patient
with laryngeal cancer (asterisk) and left cervical lymph node in-
volvement. The MIP image is shown on the left. A coronal slice of
a PET (middle) and co-registered PET/CT images (right) at the
heart level reveal the presence of a curvilinear bright stripe along
the left diaphragmatic dome and a bright spot between heart and
right diaphragmatic dome (arrows). This case was ranked as
grade-1 artifact. In this patient the match between CT and PET
images is still visibly acceptable, but when using the CT data for
attenuation correction, PET emission data along the diaphragmatic
domes are already overcorrected. c A 70-year-old patient with
bronchogenic cancer and bilateral mediastinal/peribronchial
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the lower lung, was described as a grade-1 artifact. In the corre-
sponding PET/CT image no relevant mismatch of PET and CT da-
ta was visible (Fig. 2b). A grade-2 artifact was defined as a clearly
visible white stripe, which was always present above both dia-
phragmatic domes, and a corresponding mismatch of the upper
edge of the liver and the adjacent lung in the co-registered
PET/CT image (Fig. 2c). In grade-2 artifacts a decreased FDG up-
take was often visible in the inferior myocardial wall and heart
apex, when compared with the anterior wall of the heart and heart
base (Fig. 2c). In these cases a bright stripe between the heart and
the upper abdomen was always visible. Grade-3 artifact was de-
fined as a wide bright stripe over the whole diaphragm with a se-
vere decrease of FDG activity in parts of the myocardium and up-
per abdominal organs. In the corresponding PET/CT images a
large mismatch of the upper abdominal organs and heart was visi-
ble (Fig. 2d). It has to be noted that a mismatch between PET and
CT is usually more evident in posterior areas between lung and
abdomen, because the diaphragmatic movements are larger in this
region.
Fischer’s exact test was used to compare nominal variables be-
tween the two groups. In particular, the frequency of the visual
lymph node involvement (asterisks). In the MIP image (left) there
is a bright stripe along the diaphragmatic dome and between the
heart and abdomen, which is better visible in the coronal PET and
co-registered PET/CT images (arrows, middle image). This patient
was ranked a moderate artifact with a grade-2 intensity. The bright
stripe between the heart and abdomen is not explained by fatty tis-
sue. In other cases with high 18F-fluorodeoxyglucose (FDG) myo-
cardial uptake there was a clear discrepancy of visible FDG up-
take intensity between the inferior and anterior wall. In such cases
there is usually some minor mismatch between CT and PET imag-
es visible mainly at the tip of the myocardium and the posterior
border between liver and lung. d A 56-year-old woman with two
echinococcus liver lesions (short arrows). In the MIP image (left)
there is only a narrow bright stripe along the right diaphragmatic
dome visible; however, this case was ranked a grade-3 artifact, be-
cause there is a severe mismatch visible in the combined PET/CT
study between lung and liver with the echinococcal cysts being
falsely located in the lung parenchyma. The three images on the
right represent an identical coronal slice behind the heart level in a
CT, PET, and co-registered PET/CT image revealing the mismatch
of the echinococcus cyst (long arrows)
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presence of RICA and the frequency of moderate and severe arti-
facts (grades 2 and 3) was analyzed.
Results
Four patients performing STB and one performing BH
had to be excluded due to the following reasons: parave-
nous injection leading to artifactual obscuration of the
lung–liver interface (n=2); poststenotic middle-lobe pneu-
monia secondary to lung cancer and concomitant liver
metastases (n=1); diffuse liver metastases in a melanoma
patient with suspected diaphragmatic paralysis (n=1);
and a patient with mesothelioma (n=1), all impairing as-
sessment of RICA.
In the STB group 25 patients presented no RICA.
Within the 75 studies showing an artifact, it was mild in
53 cases, moderate in 20 cases, and severe in 2 cases
(Table 1). In the BH group, 59 patients showed no arti-
fact. In the 41 cases with visible artifacts it was mild 
in 34 cases, moderate in 6 cases, and severe in 1case 
(Table 1).
There was an overall 45% decrease of artifact fre-
quency from 75 to 41% of patients performing BH. 
Fischer’s exact test showed a significant difference in ar-
tifact frequency between the two groups (p<0.0001). A
68% decrease of severe RICA (grades 2 and 3) was
found from 22% in STB patients to 7% in patients per-
forming BH (p=0.004).
No significant artifact severity difference was found
between the two groups when comparing only patients
with grade-2 and grade-3 RICA with patients showing a
grade-1 artifact (p=0.18).
Discussion
This study shows that the introduction of the BH respira-
tion protocol reduces the frequency of RICA, especially,
those with moderate and severe intensity. The BH respira-
tion protocol is feasible in clinical work, and most patients
can cooperate during the PET/CT study without problems.
However, complying with the breathing protocol can be
difficult for some patients and depends on many factors,
such as the position in the camera, the disease state of the
patient, and the CT scan acquisition time (part- or whole-
body); therefore, it is important to meticulously prepare
the PET/CT examination. The CT acquisition protocol
used in our department was adapted to reduce the time of
BH: the instruction to begin BH is given to the patient at
the time when the CT scan is started. The CT scan takes a
few seconds to cover the head and neck, a region which
barely moves during a normal respiration cycle. The CT
scan reaches the upper thoracic inlet when the patient
reaches the normal expiration BH position (Fig. 1) and
during the next 10 s the thorax will be scanned. This pro-
tocol improves the control of the CT acquisition at the
thoracic level, including the upper abdomen. When reach-
ing the upper abdomen, the patient can continue with
STB. It has been previously shown, that the influence of
the respiration protocol on the co-registration quality of
lower abdominal structures is less important [10].
A potential disadvantage of the BH protocol is that
the lower lung parts are not optimally filled with air
leading to interpretation problems in patients with dif-
fuse parenchymal lung disease or small focal lesions.
One possible approach to overcome this problem is to
acquire a second CT scan for the lung in the same imag-
ing session. A CT scan from the head to the pelvic floor
generates an effective dose of approximately 4 mSv due
to the high pitch and low milliampere product of the ac-
quisition protocol used for PET/CT at our institution;
therefore, it would be possible to acquire a second CT
scan from the lung in maximum inspiration position
without excessively increasing the patient dose.
The use of the BH respiration protocol for CT acqui-
sition of combined PET/CT scans is clinically feasible. It
improves co-registration quality and avoids RICA when
using CT data for attenuation correction; therefore, we
recommend the use of this protocol in patients undergo-
ing combined PET/CT scans.
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Table 1 Results of visual 
ranking Ranking Shallow tidal breathing Breath hold in normal expiration(n=100) position (n=100)
No artifact (grade 0) 25 59
Mild artifact (grade 1) 53 34
Moderate artifact (grade 2) 20 6
Severe artifact (grade 3) 2 1
Mean ranking 0.99±0.73 (median=1) 0.49±0.65 (median=0)
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